We studied the pharmacokinetics and metabolism of rimantadine hydrochloride (rimantadine) following single-dose oral and intravenous administration in mice and dogs. Absorption of the compound in mice was rapid. Maximum concentrations in plasma occurred at less than 0.5 h after oral administration, and the elimination half-life was 1.5 h. Peak concentrations in plasma following oral administration were markedly disproportional to the dose (274 ng/ml at 10 mg/kg, but 2,013 ng/ml at 40 mg/kg). The bioavailability after an oral dose of 40 mg/kg was 58.6%. Clearance was 4.3 liters/h per kg, and the volume of distribution was 7.6 liters/kg at 40 mg/kg. In contrast to the results observed in mice, absorption of the compound in dogs was slow. Maximum concentrations in plasma occurred at 1.7 h after oral administration, and the elimination half-life was 3.3 h. A further difference was that peak concentrations in plasma were approximately proportional to the dose. Following administration of a single oral dose of 5, 10, or 20 mg/kg, maximum concentrations in plasma were 275, 800, and 1,950 ng/ml, respectively. The bioavailability after an oral dose of 5 mg/kg was 99.4 o.The clearance was 3.7 liters/h per kg, and the volume of distribution was 13.8 liters/kg at 5 mg/kg. Mass balance studies in mice, using [methyl-'4CJrimantadine, indicated that 98.7% of the administered dose could be recovered in 96 h. Less than 5% of the dose was recovered as the parent drug in dog urine within 48 h. Finally, gas chromatography-mass spectrometry studies, done with mouse plasma, identified the presence of two rimantadine metabolites. These appeared to be ring-substituted isomers of hydroxyrimantadine.
studied rimantadine kinetics and metabolism in mice (mice are used for most influenza model infections) and in dogs.
MATERIALS AND METHODS Rimantadine assay. (i) Plasma. The rimantadine level in plasma was analyzed as previously described (3) , with modifications for measuring the levels in urine, feces, and tissues.
A 1-ml sample of plasma was extracted by using cyano Bond Elut disposable extraction columns (Analytichem International). The extracted rimantadine was derivatized with pentafluorobenzoyl chloride (PFB) (Aldrich Chemical Co., Inc.), yielding the pentafluorobenzoyl derivative of rimanta-* Corresponding author. dine, which was then analyzed by gas chromatography (HP 5880A; Hewlett-Packard Co.) with an electron capture detector (6) . PFB-amantadine was used as the internal standard and was prepared in house. The oven temperature was programmed for 240°C for 5 min, followed by a temperature gradient of 5°C/min for 6 min, to 270°C. (1.83-m) column was packed with 10% OV-1 (Ohio Valley Specialty Chemical, Inc.) on Chromasorb W (Hewlett-Packard Co.). The method was linear between 10 and 10,000 ng/ml in plasma-free solutions. The limit of detection was 5 ng/ml. However, linearity in biological solutions, such as plasma or tissue extracts, was restricted to a narrower range and was determined for each analysis. Samples were assayed only in the linear portion of the curve. Absolute recovery from plasma ranged from 54% at 50 ng/ml to 72% at 1,000 ng/ml. Reproducibility was 7% relative standard deviation. Rimantadine in plasma was stable when stored at -20°C for 5 weeks.
The resultant peaks on the chromatograms indicated that the method was highly specific. Retention times were reproducible regardless of the biological fluids, and there was no interference from other substances in the extracts. Retention times for principal peaks were as follows: internal standard, 4.3 min; rimantadine, 6.6 min; metabolite M-1, 9.9 min; and metabolite M-2, 12.2 min.
(ii) Mouse lung assay. Individual lungs were each homogenized in 3 ml of 5 N NaOH. A 1-ml sample of the resulting homogenate was added to 5 ml of 5 N NaOH-50 mg of NaCl-15 ml of hexane. After 30 min on a wrist action shaker and centrifugation to separate the phases, the hexane layer was removed and evaporated to dryness. The residue was dissolved in 1 ml of toluene and derivatized as with the plasma extracts. Recovery of rimantadine from mouse lungs was 42%.
(iii) Standard curves. Standards were prepared in each biological fluid analyzed, i.e., mouse, rat, and dog plasma; lung extracts; and dog and mouse urine. A standard curve was prepared from the peak height ratios by linear regression analysis, and concentrations were computed from the regression equation. Four to six points were used in each regressiQn analysis.
(iv) 1-Glucuronidase hydrolysis. Glucuronide conjugation was determined by using P-glucuronidase supplied by Sigma Chemical Co. (kit 325). The enzyme, at a final concentration of 10 U/ml of urine, was incubated with dog urine for 2 h at 37°C. ,-Glucuronidase activity was monitored by hydrolyzing phenolphthalein glucuronic acid. After incubation, the urine samples were extracted as described above.
(v) Urine assay. A 1-ml sample of urine was placed in 5 ml of 5 N NaOH and extracted as described for the mouse lung assay.
[ (ii) Dogs. Female beagles were dosed with rimantadine at 5, 10, and 20 mg/kg perorally and 5 mg/kg intravenously. Rimantadine was formulated in water at 5 mg/ml for peroral dosing and in sterile saline for intravenous dosing. The dogs were fasted overnight and treated with drug in the morning.
Blood was collected from the jugular vein at 0.5, 1, 2, 4, 6, 8, 10, 12, 16 , and 24 h in sodium heparin-containing tubes. All samples from dogs were assayed separately.
(iii) Material balance study in mice.
[14C]rimantadine was dissolved in water (1 mg/ml) at a specific activity of 3.2 uCi/ mg. Three groups of two Charles River CD female mice each were given a single oral dose of 40 mg of [14C]rimantadine per kg and placed into metabolism chambers. Groups 1 and 3 received a total dose of 4.86 ,Ci, and group 2 received 5 ,uCi. Urine and feces were collected at 24-h intervals during the study. Samples (Q ml) of the urine and cage-washing liquid were counted in triplicate. Fecal samples were oxidized prior to liquid scintillation counting.
Mass spectrometry. The gas chromatography separations were made on a 15-m J&W DB-1, 0.25-mm (inner diameter) capillary column which was directly interfaced to a Finnigan model 4500 mass spectrometer. The column temperature was programmed from 200 to 260°C at 10°C/min. Mouse plasma extract, containing rimantadine and its metabolites, was reacted with PFB and dissolved in toluene. The derivatized sample was initially analyzed by capillary gas chromatography-mass spectrometry in the electron impact mode, and to enhance the molecular (M+) ion, the gas chromatography-mass spectrometry was rerun with chemical ionization. Table 1 . Oral absorption was rapid, with the maximum concentration in plasma (Cmax) occurring at 30 min, the earliest time point measured (Fig. 1) . The elimination half-life (t112) was between 1 and 2 h. V was 7.6 liters/kg, which suggests extensive distribution of the drug into tissues. CL was 4.3 liters/h per kg. The increase in AUC values was not proportional to the dose. The bioavailability of rimantadine in mice after oral administration of 40 mg/kg was 58.6%.
Influenza A virus-infected mice. In a separate study, normal and influenza virus-infected mice were compared ( Table  2 ). Peak levels in both plasma and lungs decreased in infected mice, and the peak time in the lungs increased from 0.25 to 2.0 h, whereas it remained the same in plasma. Thus, infection both decreases and delays the uptake of rimantadine in the lungs. However, AUC values for lungs from infected and noninfected mice were not different (Table 2) , nor were the AUC,ung/AUCplasma ratios. The ratio for normal mice, 45.7, is similar to that for infected mice, 48.5, suggesting that the virus infection does not alter the total impact of rimantadine during the period studied. Table 3 . The t112s were 2.9, 3.4, and 3.7 h for oral administration of 5, 10, and 20 mg/kg, respectively, and 2.6 h for a 5-mg/kg intravenous dose. As found for mice, the increase in AUC values for dogs was not proportional to the dose. The bioavailability after a 5-mg/kg oral dose was 99.5%, nearly twice that found in mice (58.6%) after a 10-mg/kg dose. The values for the time to maximum concentration of drug (Tmax) were 1 h at 5 mg/kg and 2 h at 10 and 20 mg/kg. Cmax increased with increasing dose, but the increase was not proportional to the dose. CL was 3.7 liters/h per kg, similar to that for mice, and V was 13.8 liters/ kg.
Metabolism studies. Mouse plasma extracts contained two metabolites: M-1, with a retention time of 9.9 min, and M-2, with a retention time of 12.2 min. Both rimantadine and M-1 were observed at the earliest time sampled (0.5 h). M-1 and M-2 were also found in mouse urine. were measured after oral dosing. Peak concentrations of rimantadine were observed at 0.5 h, whereas M-1 concentrations peaked at 2 h after dosing. A plot of the concentrations of rimantadine and M-1 in lung tissues is shown in Fig.  2 . Metabolite M-2 in mouse lungs was not determined quantitatively owing to poor chromatographic resolution but was found in mouse and rat plasma and human, mouse, and dog urine with a retention time of about 12 min. Dog urine (0 to 24 h) (see Table 5 ) and plasma also contained an abundance of M-1 and M-2 after a single oral 10-mg/kg dose. The M-1 concentration in dog plasma peaked at 2 h and reached approximately one-half the Cmax of rimantadine. The pharmacokinetics of the metabolites were not analyzed owing to the absence of pure compound and the resultant inability to develop suitable methods.
Structural elucidation of metabolites by gas chromatography-mass spectrometry. Rimnantadine metabolites in mouse plasma were identified by mass spectrometry as rimantadine having a hydroxyl group on the adamantane ring. The metabolites were separated from other components on a The spectral data suggested that the isolated rimantadine PFB metabolite had a molecular weight of 389 and made up of the structure shown in Fig. 3 .
Preparation of the trimethylsilyi derivatives for both PFB rimantadine and the metabolite confirmed that the hydroxyl group is on the adamantane ring of the metabolite. Our studies of human urine extracts showed that there are three isomers of hydroxyrimantadine: the 1-, 2-, and 3-hydroxyrimantadines (Van Voris et al., 23rd ICAAC). Material balance in mice and dogs. Most of the radioactivity (69.4%) excreted by mice after 24 h was found in the urine; with only 1.7% excreted in feces (Table 4) . During the next 24 h, 13.8% was excreted in urine, while only 1.1% was found in feces. The total percentages of the dose after 96 h were 89.4% in urine and 3.7% in feces.
Dog urine was analyzed for rimantadine and metabolites M-1 and M-2 (Table 5 ). High-pressure liquid chromatography analysis of the metabolites gives estimates only, based on the assumption that the absorption spectra were similar to those of rimantadine. The amounts of intact rimantadine were less than 2% in the first 24 h, regardless of dose, and less than 1% in the second 24 h. The major excretion product was M-1. The discrepancy between the dogs receiving 10 mg/kg is unexplainable. Approximately 50% of the recovered drug was M-1, while M-2 accounted for 10% or less. The total percentages of the 10-mg/kg dose recovered were 69.4% for dog 75 and 58% for dog 76. At 20 mg/kg, 61.6% was recovered. All values increased 20% following ,B-glucuronidase hydrolysis. The data in Table 5 were collected after enzyme hydrolysis.
DISCUSSION
In both mice and dogs, absorption of rimantadine was rapid. No significant differences in t1/2 were noted. The differences observed in bioavailability between mice and dogs were not directly comparable owing to differences in dose. It is probable that bioavailabiity is not constant with dose; this should be studied.
Infection of mice with influenza A virus 72 h prior to oral administration of rimantadine significantly altered the drug disposition from that in uninfected mice. Reduction in the uptake of rimantadine by lung tissue from infected mice has been previously reported (4), and our results confirm this finding ( Table 2 After administration of one oral dose of [14C]rimantadine to mice, 89.4% of the radioactivity was found in the urine and 3.7% was found in the feces. Most of the radioactivity was excreted during the first 24 h, and only 1.9% of the dose was recovered during the period from 72 to 96 h. Dogs receiving oral doses of 10 or 20 mg/kg excreted very little intact rimantadine. The main excretion product was M-1, which made up about half of the administered dose; M-2 was about 10%, and rimantadine was less than 5%. Only 58 to 69% of administered drug was recovered in 48 h in the three dogs. This may in part be due to further metabolism of M-1 and M-2 into smaller, as yet unidentified products. Further, until standards of M-1 and M-2 can be prepared and analyzed, quantification of these remains only an estimate.
The metabolites identified in mouse and dog urine, M-1 and M-2, are ring-hydroxylated derivatives of rimantadine. Other investigators have noted ring hydroxylation of adamantane derivatives in vivo. Wesemann et al. (10) demonstrated the presence of a ring-hydroxylated metabolite of 1-amino-3,5-dimethyladamantane in the rat. Spiers and Chatfield (9), studying a novel adamantane derivative, N-methyl-1-(2-phenyladamant-1-yl)-2-aminopropane hydrochloride, in humans, determined that two isomers of a ring-hydroxylated metabolite were excreted. The ring position of hydroxylation was not determined. Less than 1% of the dose was excreted unchanged. Approximately 30% of the dose was excreted as conjugated hydroxyl metabolites.
The metabolism of amantadine is less clear. Recent studies by Koppel and Denzer (5) have shown small quantities of eight metabolites recovered from a patient under a therapeutic dosing regimen. A major metabolic pathway was N acetylation, with several other unusual metabolic pathways observed. However, no metabolites were detected with a hydroxylated adamantane ring system. Differences between the metabolism and kinetics of rimantadine and amantadine are noteworthy. For both, >90% is excreted in the urine, with trace amounts in the feces. However, the percentage of unchanged amantadine found in mouse urine was 63% (9), several times that found for intact rimantadine. In humans, amantadine is excreted largely unchanged in urine, whereas less than 10% of rimantadine is excreted intact (Van Voris et al., 23rd ICAAC) in urine.
Little has been reported about the concentration of either drug in lung tissue. Bleidner et al. (1) reported the Cmax in mouse lungs at 0.25 h to be 59 ,ug/g following a single oral dose of 25 mg/kg. The concentration of amantadine in blood was 4 .pg/ml. The ratio Cmaxjung/Cmaxblood of 15 was half the ratio reported here for rimantadine, owing to the lower concentrations of rimantadine than amantadine in plasma.
